Introduction
Rheumatoid arthritis (RA) is a chronic and debilitating systemic autoimmune disease, characterized by inflammation and the destruction of the joints. It is reported that ~1% of the population suffers from RA worldwide, and a substantial number of patients develop long-term joint damage, severe illness and disability (1) . The mechanisms underlying RA are complex, including genetic and environmental factors, and abnormalities of the innate and adaptive immune systems. The activation and recruitment of immune cells, particularly lymphocytes, neutrophils and monocytes, into joints are major characteristics of RA (2) .
Several studies have shown that T cells are involved in the pathogenesis of RA at multiple levels (3) (4) (5) . Pivotal in the pathogenesis of RA is the production of pathogenic autoantibodies, including rheumatoid factor (RF) and anticitrullinated protein antibodies (ACPAs) (6, 7) . Evidence from human studies and animal models indicate that autoantibody production and the pathogenesis of RA are dependent upon T cells (8) (9) (10) . Previous studies have demonstrated that T cells with abnormal costimulatory molecules can activate autoantibody-producing B cells (11) (12) (13) , which suggests that costimulatory molecules are important in the pathogenesis of RA. Therefore, determining abnormalities in costimulatory molecule expression on immune cells is crucial for understanding the mechanisms of RA (14) (15) (16) (17) (18) .
Costimulatory molecules regulate the functional outcome of T cell activation, and disturbance of the balance between activating and inhibitory signals results in increased susceptibility to the induction of autoimmunity. Programmed cell death-1 (PD-1) is a 55-kDa transmembrane protein with 24% amino acid homology to cytotoxic T lymphocyte antigen 4, a member of the CD28 family (19, 20) . Upon binding with its physical ligand, programmed death ligand 1 (PD-L1), PD-1 transmits an inhibitory signal, which suppresses the activation and proliferation of these PD-1-expressing cells, and protects tissues from inflammatory or autoimmune attack (21) . Studies have shown that the PD-1 may be involved in the pathogenesis of RA, however, this remain controversial (14, (22) (23) (24) . In the present study, the effect of PD-1 on RA was investigated by comparing the expression of PD-1 on CD4 + T cells and CD8 + T cells in the peripheral blood (PB) between patients with RA and healthy controls. In addition, the expression levels of PD-1 on CD4 + T cells and CD8 + T cells were determined in the synovial fluid (SF) of patients with RA. The correlation between PD-1 and the disease activity score 28 (DAS28) of the patients was also evaluated.
Elevated expression of PD-1 on T cells correlates with disease activity in rheumatoid arthritis

Subjects and methods
Subjects. Fresh PB was harvested by venipuncture from 81 patients with RA who fulfilled the American College of Rheumatology criteria for RA (25) , and from 30 healthy controls (HCs). Controls and RA patients were recruited from The First Affiliated Hospital of Nanchang University (Nanchang, China) from July 2015 to May 2016 The controls who were unrelated to the patients and had no inflammatory or autoimmune diseases. Among the RA patients, from the time at which the patient complained of joint pain to the time of sample collection, a duration of <6 months was defined as new onset rheumatoid arthritis. SF was obtained from 33 of the 81 patients with RA. The RA disease activity was measured using the DAS28 system (26) . Patient details are exhibited in Table I . The present study was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University and Jiujiang First Peoples Hospital (019; Jiujiang, China), and was performed in compliance with the Helsinki Declaration. Informed consent was obtained from all participants prior to commencement of the study.
Flow cytometric analysis. The PB and SF samples were collected and analyzed immediately to determine the molecular phenotypes of T lymphocytes using flow cytometry. Prior to flow cytometry, the SF samples were washed twice with D-HANKs. The following antibodies were used: ECD-conjugated anti-CD3, PC5-conjugated anti-CD8, FITC-conjugated anti-CD4 (Beckman Coulter, Inc., Brea, CA, USA), PE-conjugated anti-PD1, and FITC-conjugated anti-PD1 (MIH clones; eBioscience, San Diego, CA, USA). Briefly, 50 µl fresh, heparinized whole blood were incubated simultaneously with 5 µl ECD-conjugated anti-CD3 (cat. no. IM2705U; undiluted), FITC-conjugated anti-CD4 (cat. no. IM0448U; undiluted), 5 µl PC5-conjugated anti-CD8 (cat. no. IM2638U; undiluted) and 5 µl PE-conjugated anti-PD1 (cat. no. 85-12-2799-42; undiluted) on ice in the dark for 30 min at room temperature. Cells incubated with PE-conjugated mouse IgG (cat. no. IM0670U; undiluted) were used as isotype controls. The red blood cells were lysed with ammonium-chloride-potassium lysing buffer. The lymphocytes were gated by forward scatter/side scatter, and the T cell subsets were differentiated by CD3 + staining in lymphocytes, following which CD4 + T cells were identified based on CD4 + staining in T cells. The CD8 + T cells were identified by CD8 + staining in T cells. The samples were analyzed on a CYTOMICS FC 500 flow cytometer (Beckman Coulter, Inc.) and associated software programs (CXP 2.0).
Measurement of erythrocyte sedimentation rate (ESR),
C-reactive protein (CRP) and autoantibodies. The ESR was determined according to the manufacturer's instructions. CRP and RF were measured using nephelometry with the IMMAGE 800 system (Beckman Coulter, Inc.). The ACPAs of IgG in the serum were measured using commercially available ELISA kits (Shanghai Kexin Biotech Co., Ltd., Shanghai, China).
Statistical analysis. Statistical analysis and graphic presentation were performed using GraphPad Prism, version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). A Student's t-test was used for normally distributed data; otherwise, the non-parametric Mann-Whitney test was used to analyze the data. For evaluation of changes between the PB and SF in the same patients, paired t-tests were performed. Pearson's test was used for correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Characteristics of study subjects. The characteristics of the patients with RA and HCs enrolled in the present study are listed in Table I . No significant differences were observed between the patients and HCs in terms of age or sex. The patients with RA were classified into a remission group (DAS28 <2.6) and active group (DAS28 >2.6) according to the DAS28 system (26) . Overall, 74.1% of the patients with RA were in the active group. Among these, 13 cases were classified as new-onset RA (<6 months of disease duration) (13) . According to the degree of disease activity, all patients received therapy with one of or more disease-modifying antirheumatic drugs (DMARDs), including hydroxychloroquine, sulphasalazine, methotrexate and leflunomide.
Expression of PD-1 on CD4
+ and CD8 + T cells is elevated in patients with RA. To understand the effect of PD-1 on RA, flow cytometry was used to assess the expression of PD-1 on T cells, including CD4
+ and CD8 + T cells in the PB. The resulting data showed that the frequency of PD-1-expressing CD4 + T cells and the mean fluorescence intensity (MFI) of PD-1 on CD4 + T cells were significantly elevated in patients with RA, compared with those in the HCs (P<0.05; Fig. 1A and B). The MFI of PD-1 on CD8 + T cells were significantly elevated in patients with RA, compared with HCs (P=0.0078; Fig. 1C ). No significant differences were observed in the frequency of PD-1-expressing CD8 + T cells between the RA and HC groups (P=0.096; Fig. 1D ). In addition, the frequency of PD-1-expressing CD4 + T cells and the MFI of PD-1 on CD4 + T cells were significantly elevated, compared with CD8 + T cells in the PB of patients with RA (P<0.05; Fig. 1E and F), whereas no statistically significant differences were found between the expression of PD-1 on CD4 + T cells and CD8 + T cells in the PB of the HCs (data not shown).
Lymphocytes can be activated and recruited into joints, and studies have reported that changes in the SF may reflect the development and progression of RA more directly and clearly (27, 28) . Therefore, the present study investigated the expression of PD-1 on CD4 + and CD8 + T cells in the SF of patients with RA. As shown in Fig. 1A and B, the frequency of PD-1-expressing CD4 + T cells and the MFI of PD-1 on CD4 + T cells in the SF were significantly increased, compared with those in the PB of patients with RA (P<0.0001). The frequency of PD-1-expressing CD8 + T cells in the SF was significantly increased, compared with that in the PB of the patients with RA (P<0.0001; Fig. 1D ). No significant difference was observed in the MFI of PD-1 on CD8 + T cells between the SF and PB of the patients with RA (P= 0.7942; Fig. 1C ). It was also found that the MFI of PD-1 on CD4 + T cells was significantly elevated, compared with that of CD8 + T cells in the SF of patients with RA (P<0.0001; Fig. 1G ). However, no statistically significant difference was found between the frequency of PD-1-expressing CD4 + and CD8 + T cells in the SF of the patients with RA (P=0.6172; Fig. 1H ). The expression of PD-1 was also compared between the PB and SF from the same patients. It was found that the frequency of PD-1-expressing CD4 + T cells and the MFI of PD-1 on CD4 + T cells were significantly increased in the SF, compared with those in the PB (P<0.0001; Fig. 2A and B) . Similarly, the frequency of PD-1-expressing CD8 + T cells and the MFI of PD-1 on CD8 + T cells in SF was significantly higher, compared with those in the PB (P<0.01; Fig. 2C and D). These data suggested that the expression of PD-1 was upregulated in the local environments of RA.
Expression of PD-1 on T cells is correlated with markers of the autoimmune response.
RA is characterized by the overproduction of auto-antibodies, including RF and ACPA. Therefore, the hallmark antibodies of RA, RF and ACPA, were determined and analyzed in the present study for their correlation with the expression of PD-1 on CD4 + T and CD8 + T cells. The data showed that 62 patients were positive for RF and 60 patients were positive for ACPA in the patients who received auto-antibody detection. As shown in Fig. 3 , the frequency of PD-1-expressing CD4 + T cells was positively correlated with RF (r 2 = 0.0506; P=0.0448). However, the frequency of PD-1-expressing CD8 + T cells, and the MFI of PD-1 on CD4 + T and CD8 + T cells were not correlated with RF (data not shown). The expression levels of PD-1 on CD4 + T and CD8 + T cells were elevated in the patients with positive ACPA, however, this was not a significant difference (data not shown). The correlations between the expression of PD-1 on CD4 + T and CD8 + T cells in the SF and the hallmark antibodies in the serum of RA, were investigated, however, no correlation was found (data not shown). These results showed that the elevated frequency of PD-1-expressing CD4 + T cells was correlated with markers of the autoimmune response, suggesting that the expression of PD-1 on CD4 + T cells may be associated with the pathogenesis of RA.
Correlation between the expression of PD-1 on T cells and markers of inflammation.
RA is characterized by synovial hyperplasia and inflammation. Patients with RA are frequently found to have elevated levels of inflammatory markers. In order to investigate the correlation between the expression of PD-1 on T cells and inflammatory markers, the present study analyzed the markers of inflammation, ESR and CRP, for their correlation with the expression of PD-1 on CD4 + T and CD8 + T cells in the patients with RA. As shown in Fig. 4A and B, positive correlations were found between the MFI of PD-1 on CD4 + T cells and the ESR and CRP. It was also found that the MFI of PD-1 on CD8 + T cells was positively correlated with CRP (r 2 = 0.1261; P= 0.0011; Fig. 4C ). However, no significant correlation was found between the MFI of PD-1 on CD8 + T cells and ESR (data not shown). The present study also examined the correlation between the frequency of PD-1-expressing T cells and inflammatory markers in RA. As shown in Fig. 4D , the frequency of PD-1-expressing CD4 + T cells was significantly increased in the patients with elevated ESR, compared with that in patients with normal ESR (P=0.0436). It was also found that the frequency of PD-1-expressing CD4 + T cells was positively correlated with CRP (r 2 = 0.05676, P= 0.0322; Fig. 4E ). No correlation was found between the frequency of PD-1-expressing CD8 + T cells and ESR or CRP (data not shown). The present study investigated the correlation between the expression of PD-1 on T cells in the SF and inflammatory markers in the serum of patients with RA. No significant correlation was found (data not shown). These Correlation between the expression of PD-1 on T cells and with disease activity of RA. The results described above indicated that the expression of PD-1 on T cells was correlated with markers of the autoimmune response and inflammation. A number of these markers, including RF and ACPA, are reported to correlate with disease activity and the severity of joint destruction in RA (29) . ESR and CRP are valuable for calculating DAS28, a scoring system used for assessing disease severity in patients with RA. Therefore, patients with RA were further classified into active and remission groups according to the DAS28, and were analyzed for their correlation with the expression of PD-1 on T cells and DAS28. The resulting data showed that the MFI of PD-1 on CD4 + T cells in patients with active RA was significantly higher, compared with that in patients in the remission group (P= 0.0355; Fig. 5A ). Furthermore, it was found that there was a positive correlation between the DAS28 score and the MFI of PD-1 on CD4 + T cells (r 2 = 0.1570, P= 0.0002; Fig. 5B ) and the MFI of PD-1 on CD8 + T cells (r 2 = 0.08253, P= 0.0093; Fig. 5C ). The present study also investigated the correlation between the frequency of PD-1-expressing T cells and DAS28, however, no significant correlation was found (data not shown). The correlation between the expression of PD-1 on T cells in the SF and DAS28 was also examined. As shown in Fig. 5D , the frequency of PD-1-expressing CD4 + T cells in patients with active RA was significantly higher, compared with that in patients in the remission group (P= 0.0045). Furthermore, The expression levels of PD-1 on T cells were also compared between the patients with new-onset and late-onset RA. The data revealed that the expression of PD-1 on T cells was elevated in patients with new-onset RA, however, this was not significant (P>0.05; Fig. 6A-D) .
Discussion
RA is a chronic debilitating systemic autoimmune disease with unclear etiology. In the 2010 American College of Rheumatology/European League Against Rheumatism classification criteria (30) , the ACPA, RF, CRP and ESR are used to diagnose RA. However, these biomarkers show weak correlation with disease activity in RA. Therefore, novel biomarkers with improved correlation with the disease activity of RA are required for the evaluation of curative effects or disease development. It is well known that the expression of costimulatory molecules is important in determining the activation status and function of immune cells. Certain costimulatory molecules, particularly immunosuppressive costimulatory molecules, including PD1, PD-L1, T cell immunoglobulin and mucin domain-containing molecule-3 (Tim-3) and T cell immunoreceptor with Ig and immunoreceptor tyrosine-based inhibitory domains (TIGIT), have been reported to be abnormally expressed on T cells, monocytes or natural killer cells in patients with RA (14) (15) (16) (17) (18) . Several studies have investigated the role of the PD-1/PD-L1 pathway in human studies and animal models of RA. Studies have shown that PD-1 + T cells are enriched in patients with RA (14, 22, 23) , although another study reported conflicting results in which the expression of PD-1 on T cells was significantly decreased in patients with RA (24) . The present study investigated the expression of PD-1 on CD4 + and CD8 + T cells in patients with RA, and it was shown that the expression of PD-1 on T cells was significantly increased in patients with RA, compared with that in the healthy individuals. In addition, the expression levels of PD-1 on CD4 + and CD8 + T cells were examined in the SF of patients with RA. It was shown that the expression of PD-1 on T cells in the SF was significantly increased, compared with the expression in the PB of the patients with RA or the healthy controls. The present study also revealed that the expression of PD-1 on T cells was associated with the disease activity of RA.
Lymphocytes are reported to be important in the development and progression of RA (9, 10) . In accordance with a previous study (23) , the present study found that PD-1 was expressed at a higher level on CD4 + T cell than on CD8 + T cells in the PB and SF of patients with RA. The expression levels of PD-1 on CD4 + T and CD8 + T cells were significantly elevated in patients with RA, compared with those in the healthy controls. Generally, the binding of PD-L1 to PD-1 transmits an inhibitory signal, which reduces the proliferation of PD-1-expressing cells. Therefore, as with a previous study (23) , the results of the present study suggested that CD4 + helper T cells are the predominant targets of the PD-L1/PD-1 pathway. In addition, the expression levels of PD-1 on CD4
+ T and CD8 + T cells in the SF were significantly increased compared with those in the PB of patients with RA or healthy controls. This supports observations that the abnormal expression of key signaling molecules on T lymphocytes is important in the pathogenesis of RA (31, 32) .
PD-1 is reported to be involved in interactions between T cells and follicular dendritic cells to regulate B cell responses and promote antibody production (8, 33, 34) . It is well known that RA is s systemic autoimmune disease characterized by elevated autoimmune antibodies, including RF and ACPA. In the present study, the serous levels of RF and ACPA were determined and analyzed to examine their association with the expression of PD-1 on T cells. The data revealed that the frequency of PD-1-expressing CD4 + T cells was positively correlated with RF in the serum of patients with RA, suggesting that PD-1-expressing CD4 + T cells may be associated with autoimmune responses in RA. However, although increased in patients with positive ACPA, the correlation between the expression of PD-1 on T cells and ACPA titer was not statistically significant. As the ACPA titer often correlates positively with disease activity and the severity of joint destruction, and is decreased following therapy with DMARDs, the poor correlation between the expression of PD-1 on T cells and ACPA may be due to the fact that the majority of patients with RA had received therapy prior to involvement in the present study.
It is known that the autoimmune response is a type of chronic inflammation against autoantigens. Therefore, the correlations between the expression of PD-1 on T cells and inflammatory markers were analyzed in the present study. The results showed that the expression of PD-1 on T cells was positively correlated with ESR and CRP. Considering ESR and CRP are used for calculating the DAS28, the present study investigated the correlation between the expression of PD-1 on T cells and DAS28, and the results of the DAS28 scores of patients with RA were concordant.
The present study also found that the expression levels of PD-1 on T cells from the PB and SF of RA were upregulated. In addition, the elevated expression of PD-1 on T cells from the PB correlated with RF titer, inflammatory markers and the disease activity of RA. However, the elevated expression of PD-1 on T cells from the SF was not associated with RF titer or the inflammatory markers of RA. It may be that the PB indicates the systemic environment and the SF indicates the local environment in RA.
PD-1 is an inhibitory costimulatory molecule, which mediates inhibitory signals in immune cells (14) . Consistent with its inhibitory characteristics, the expression of PD-1 on T cells is decreased in patients with RA, and negatively correlated with RA disease activity (24) . Evidence from animal models has shown that PD-1 -/-mice exhibit increased incidence and severity of collagen-induced arthritis (14) . This suggests the increased expression of PD-1 on T cells in RA appears controversial to its function. However, there is also evidence suggesting that PD-1 may be involved in regulating B cell responses and promoting antibody production (33, 34) , which is consistent with the observation that the levels of RA specific autoantibody, including RF, were positively correlated with the frequency of PD-1-expressing T cells. Therefore, in addition to its function as an inhibitory costimulatory molecule, PD-1 may have other effects in RA. Future investigations are required to clarify the roles and mechanisms of PD-1-expressing T lymphocytes in the condition of RA.
The present study had a number of limitations. For example, the design of the study included a relatively small sample size, and the PD-1 examined may have been affected by medications and severe disease states. Therefore, certain critical values may result from the small sample size (SF). Future investigations with a larger sample size and using additional techniques may be required to validate the results of this preliminary study.
In conclusion, the present study demonstrated that the expression of PD-1 was upregulated on CD4 + T and CD8 + T cells in RA systemically (PB) and locally (SF). The results of the present study also established a correlation between the expression of PD-1 on T cells and the disease activity of RA, which may improve our understanding of the role of PD-1 in the pathogenesis of RA.
